The presence of two gender-associated mitochondrial genomes in marine mussels provides a unique opportunity to investigate the dynamics of mtDNA evolution without complications inherent in interspecific comparisons. Here, we assess the relative importance of selection, mutation, and differential constraint in shaping the patterns of polymorphism within and divergence between the male (M) and female (F) mitochondrial genomes of the California sea mussel, Mytilus californianus. Partial sequences were obtained from homologous regions of four genes (nad2, cox1, atp6, and nad5) totaling 2307 bp in length. The M and F mtDNA molecules of M. californianus exhibited extensive levels of nucleotide polymorphism and were more highly diverged than observed in other mytilids (overall Tamura-Nei distances .40%). Consistent with previous studies, the M molecule had significantly higher levels of silent and replacement polymorphism relative to F. Both genomes possessed large numbers of singleton and low-frequency mutations that gave rise to significantly negative Tajima's D values. Mutation-rate scalars estimated for silent and replacement mutations were elevated in the M genome but were not sufficient to account for its higher level of polymorphism. McDonald-Kreitman tests were highly significant at all loci due to excess numbers of fixed replacement mutations between molecules. Strong purifying selection was evident in both genomes in keeping the majority of replacement mutations at low population frequencies but appeared to be slightly relaxed in M. Our results suggest that a reduction in selective constraint acting on the M genome remains the best explanation for its greater levels of polymorphism and faster rate of evolution.
O NE of the primary reasons that animal mitochondrial DNA (mtDNA) has gained prominence in evolutionary and population genetics studies has been the assumption that it evolves in a strictly neutral manner (Brown et al. 1979; Avise et al. 1987) . Recently, however, this assumption has been questioned as a growing number of reports have documented departures from neutral patterns of mtDNA polymorphism within and divergence between species. Overall, the strongest evidence against the strictly neutral model has come from studies suggesting that the majority of amino acid replacement mutations in the mtDNA genome experience weak levels of purifying selection (e.g., Nachman et al. 1996; Nachman 1998; Rand and Kann 1998) , an observation consistent with the nearly neutral theory of molecular evolution (reviewed by Rand 2001; Ballard and Whitlock 2004) . Further evidence has come from studies documenting effects of different mtDNA haplotypes on individual fitness (e.g., Clark and Lyckegaard 1988; James and Ballard 2003) , cytonuclear interactions (e.g., Schmidt et al. 2001; Willett and Burton 2004) , geographic patterns of mtDNA variation (e.g., Ruiz-Pesini et al. 2004; Grant et al. 2006) , and a recent report by Bazin et al. (2006) that, on the basis of the absence of an expected relationship between effective population size and mtDNA variability, implicated a role for selective sweeps in reducing polymorphism to a level below that expected at mutation-drift equilibrium (notably in invertebrates).
Much of our understanding of broad-scale patterns of mtDNA evolution has come from comparisons undertaken among different species. However, several issues complicate evaluating the relative importance of selection and random drift in the evolution of the mtDNA molecule from interspecific data. First, different species are likely to experience different demographic histories that can exert major effects on the patterns and levels of mtDNA polymorphism. Disentangling the relative effects of selection and demography on a single genetic locus (i.e., mtDNA) has proven to be difficult and perhaps can be overcome only by the analysis of multilocus data (e.g., Williamson et al. 2005; Li and Stephan 2006) . Second, if mtDNA evolution does conform to the nearly neutral theory, then differences in species' effective population sizes can be expected to play important roles in determining levels of polymorphism 1 and the rates of both neutral and adaptive evolution. Here, too, evaluating the importance of demographic events (such as population bottlenecks) can be accomplished only from a multilocus perspective that is typically lacking in mtDNA studies.
The coexistence of two gender-associated mtDNA lineages in marine mussels provides an excellent system for studying how selection affects the evolution of mitochondrial genomes while avoiding many of the complications implicit in interspecific comparisons. Mussels belonging to the genus Mytilus, as well as some species of unionid mussels (Liu et al. 1996) and venerid clams (Passamonti and Scali 2001) , have an unusual pattern of sex-specific mtDNA inheritance known as ''doubly uniparental inheritance'' or DUI (Skibinski et al. 1994; Zouros et al. 1994) . Females are homoplasmic for an ''F'' mtDNA molecule that is inherited from mother to daughter in the usual metazoan pattern. Males, however, are heteroplasmic for an F molecule in their somatic tissues and a male (''M'') mtDNA that predominates in the gonad and is transmitted from father to son. Because the F and M mtDNA molecules reside in the same species, both genomes have experienced similar demographic histories and, given a 1:1 sex ratio in mytilids (Fisher and Skibinski 1990) , have similar effective population sizes (assuming negligible sperm limitation and/or competition). Furthermore, the evolution of the male and female mtDNA lineages in marine mussels occurs in the same nuclear genetic background lacking sex chromosomes, thus avoiding complications arising from lineage-specific cytonuclear interactions or mutational biases.
Previous studies on the F and M mtDNA molecules in marine mussels have established that the male molecule possesses higher levels of polymorphism and evolves more rapidly than the female molecule. Two main hypotheses have been proposed to explain these patterns. First, Stewart et al. (1996) proposed that the male molecule might experience a relaxation of selective constraint because the only tissue in which it experiences direct exposure to selection is the male gonad. Second, the M genome might experience a higher mutation rate on the basis of a greater number of cell divisions that occur during spermiogenesis (seven divisions) compared to oogenesis (four divisions) (Rawson and Hilbish 1995; Stewart et al. 1995) . These two hypotheses are clearly not mutually exclusive and evaluating their relative importance has proven to be difficult. The majority of studies on the DUI system in mytilids have focused on single-gene regions, thus precluding comparisons among loci experiencing different levels of selective constraint within and between molecules. Furthermore, the evolutionary histories of M and F molecules in the blue mussel complex (i.e., Mytilus edulis, M. trossulus, and M. galloprovincialis) have been complicated by ''masculinization'' events (in which an F molecule invades the male lineage) and by historical and contemporary introgression that appears to vary both among taxa and geographic regions (see Quesada et al. 1995 Quesada et al. , 1998a Rawson et al. 1996; Saavedra et al. 1996; Rawson and Hilbish 1998; Riginos et al. 2004) .
In this study, we evaluate the relative importance of differential constraint, mutation, and diversifying selection in shaping the patterns of polymorphism within and divergence between the male and female mitochondrial genomes of the California sea mussel, Mytilus californianus, which, unlike other mytilids, does not hybridize with any extant species in the northeast Pacific region. We collected large samples of DNA sequences from four homologous regions of the M and F mtDNA genomes to determine if the mutation rate of the male molecule is consistently elevated at both silent and replacement sites across different loci and to more fully assess differences in the degree of selective constraint acting within and between the two molecules. Our results suggest that a relaxation of selective constraint on the M genome can account for differences observed between patterns of polymorphism within and divergence between the M and F mtDNA molecules in M. californianus without needing to invoke a higher intrinsic mutation rate as an ancillary factor.
MATERIALS AND METHODS

Samples:
Approximately 150 adult mussels (3-10 cm shell height) were collected in the winter and spring of 1999 and 2000 from four northeast Pacific localities: Strawberry Hill, Oregon (124°49 40.39$ W, 44°329 8.88$ N); Terrace Point, California (122°59 17.08$ W, 36°579 38.23$ N); Arroyo Hondo, California (119°579 41.22$ W, 34°269 28.87$ N); and Punta Baja, Baja California (115°489 29.54$ W, 29°579 4.34$ N). Animals were transported back to the laboratory on ice where tissues were dissected and preserved for DNA extraction.
DNA extractions: Individuals were sexed by visual inspection of the gonad under a dissecting microscope. Total DNA was extracted from ethanol-preserved gill tissues as described in Pogson et al. (1995) and used to PCR amplify F mtDNA sequences. The M molecule was amplified from DNA isolated from an enriched mitochondrial fraction prepared from ripe male gonad tissue. Approximately 1 g of male gonad was washed in high TE (100 mm Tris-HCl, 10 mm EDTA, pH 8.0) and homogenized in a 15-ml Wheaton glass tissue grinder in 10 ml ice-cold TEK buffer (50 mm Tris-HCl, pH 7.5, 40 mm EDTA, 1.5% KCl). The homogenate was centrifuged at 1475 3 g in a Sorvall RC58 centrifuge for 20 min at 4°to remove nuclear and cellular debris. The supernatant was transferred to a clean tube and spun again at 1475 3 g for 15 min at 4°. The resulting supernatant was transferred to a new tube and centrifuged at 14,500 3 g for 15 min at 4°to pellet mitochondria. The resulting pellet was resuspended in 610 ml salt lysis buffer (10 mm Tris-HCl, 400 mm NaCl, 2 mm EDTA, pH 8.3) and total DNA was extracted as described above.
PCR amplifications and DNA sequencing: PCR primers specific for the M. californianus M and F molecules were initially designed from the cytochrome oxidase subunit I (cox1) and NADH dehydrogenase subunit V (nad5) sequences of Beagley et al. (1997) . These were paired with a forward primer positioned near the beginning of the M. edulis NADH dehydrogenase subunit II (nad2) sequence of Hoffman et al. (1992) that amplified both genomes. M. californianus M-and F-specific primers for the nad2, cox1, adenosine triphosphatase subunit 6 (atp6), and nad5 genes of M. californianus were then designed from samples of 12-15 sequences obtained from the Terrace Point population. Primer sequences and reaction conditions for the eight genes are provided in the appendix. PCR reactions contained 20 mm Tris-HCl (pH 8.8 at 25°), 10 mm KCl, 10 mm (NH 4 ) 2 SO 4 , 2.5 mm MgSO 4 , 0.1% Triton X-100, 100 ng/ml bovine serum albumin, 200 mm each dNTP, 0.25 mm forward and reverse primers, 0.6 units of Taq 2000 DNA polymerase (Stratagene, La Jolla, CA), 0.6 units Taq Extender PCR additive (Stratagene), and 150 ng template DNA. Reactions were performed in 10-ml sealed glass capillary tubes in an Idaho Technology A1605 Air Thermo-Cycler. After an initial denaturation step of 45 sec at 94°, the tubes were exposed to 35 cycles of denaturation at 94°for 1 sec, primer annealing at 52°-54°for 1 sec, primer extension at 72°for 50-60 sec, and a final hold at 72°for 1 min (see appendix for details).
PCR products were excised from 1% agarose gels stained with ethidium bromide and purified using ZymoSpin columns following the manufacturer's instructions (Zymo Research). For all genes, complete sequences off both strands were obtained using an Applied Biosystems (ABI; Foster City, CA) model 373 Automated Sequencer or an ABI model 3100 Genetic Analyzer. Sequences were edited with Sequence Navigator, and compiled into consensus sequences using AutoAssembler (both programs from ABI). All nucleotide sequences have been deposited in GenBank (accession nos. EU028349-EU029064).
Data analyses: Standard measures of nucleotide polymorphism, tests of neutrality, and estimates of codon bias were obtained from the DnaSP (version 4.00) program of Rozas et al. (2003) . We also used the neutrality index of Rand and Kann (1996) to assess the magnitude and direction of departures from neutral expectations in the ratios of polymorphism and divergence. Tests of population differentiation (AMOVAs) were performed using the ARLEQUIN (version 2.000) program of Schneider et al. (2000) . AMOVAs were performed using all of the data and on data sets that contained only silent or only replacement mutations. The resulting F ST values were tested for significance by 10,000 random permutations of haplotypes among populations. Tests for recombination within and between the F and M genomes were performed using the four-gamete test of Hudson and Kaplan (1985) and the LDhat program of McVean et al. (2002) , a coalescent-based method that is robust to unequal substitution rates across sites and multiple hits in genomes experiencing high substitution rates. The MEGA (v. 3.0) program of Kumar et al. (2004) was used to estimate the net nucleotide and amino acid divergence between the four genes.
Phylogenetic reconstructions were performed with MRBAYES v.3.1 (Ronquist and Huelsenbeck 2003) using a GTR 1 I 1 G model identified by MODELTEST v.3.8 (Posada and Crandall 1998) on the combined data partitioned by gene. Five independent runs of four Markov chains were run for 2 million generations using the default temperature parameter (0.2) and sampling trees every 1000 steps after an initial burn-in of 200,000 generations. Convergence was assessed using the TRACER v.1.3 program (Rambaut and Drummond 2003 , 2004 , 2005 and by comparing the output from three independent runs.
To evaluate the hypothesis that the M molecule experiences a relaxation of selective constraint, we compared the magnitude of Tajima's D between genes using all sites, as well as for silent and replacement sites separately (Tajima 1989) . We further evaluated the differential constraint hypothesis using Grantham's (1974) distances to quantify the physicochemical difference between amino acid changes that were either polymorphic within F or M or fixed between molecules. Each amino acid substitution was given a numeric score that quantifies the magnitude of change on the basis of atomic composition, polarity, and charge. Amino acid changes were categorized as conservative, moderately conservative, moderately radical, or radical, corresponding to Grantham's (1974) scores of 0-50, 51-100, 101-150, or .150, respectively (Li et al. 1985) . The proportions of fixed and polymorphic amino acid replacement mutations falling into each category were compared between the M and F lineages.
To test whether the M molecule has an intrinsically higher rate of mutation than the F molecule, we estimated mutationrate scalars for silent and replacement mutations by coalescent simulations implemented by the ''Isolation with Migration'' (IM program, version 4.0) model of Nielsen and Wakeley (2001) . For these simulations, mutation rates were estimated for each locus by setting the time of separation parameter (t) and two migration parameters (m 1 and m 2 ) equal to zero and constraining u 1 ¼ u 2 ¼ u A . Under these conditions, the IM model mimics a single panmictic population, allowing estimation of only u A and the mutation-rate scalars. For all four genes, rate scalars for the F and M molecules were estimated for silent and replacement mutations separately. To compare the relative differences between M and F, we included nucleotide sequence data (105 sequences, 615 bp in length) from an anonymous nuclear gene (Mca125) sequenced from the same four populations to serve as a ''control'' for each IM run. Since the F and M molecules both fail the four-gamete test (due to back mutation; see below), we used the Hasegawa-KishinoYano model for all loci. We ran six parallel chains with a geometric heating scheme (g 1 ¼ 0.8, g 2 ¼ 0.9) to improve mixing. After a burn-in of 100,000 steps, the chains were run for at least 1.5 3 10 6 steps, sampling every 1000 steps, until we achieved MCMC effective sample sizes (ESSs) of at least 10,000. Each analysis was repeated at least three times to assess the convergence of the estimates. Mutation-rate scalars were also determined separately for first, second, and third positions using the concatenated data from all four loci and nuclear controls for each run. For these simulations, we ran six chains with geometric heating (g 1 ¼ 0.80, g 2 ¼ 0.90) with burnins of 100,000 steps. The chains were run for at least 1.5 3 10 6 steps and achieved ESSs of at least 5000. To determine the probability that the mutation-rate estimate for M exceeds that for F, we modified the IM program to record an indicator variable I( j) that took a value of 1 if the hypothesis is true (i.e., m M . m F ) and a value of zero if the hypothesis is false (i.e., m F . m M ) at each sampling step j of the MCMC data set. An estimate of the probability that m M . m F is the average of the indicator variable over s samples:
Posterior odds ratios are computed as P/(1 À P), where P . 0.5.
RESULTS
Partial sequences were obtained from four genes (nad2, cox1, atp6, and nad5) from the M and F mtDNA molecules of M. californianus. Sample sizes for each gene ranged from 20 to 23 sequences from each of four populations producing total sample sizes of 87-94 sequences/locus (Table 1) . Combining the data from all four genes yielded 2307 bp of aligned sequence from 87 F and 85 M molecules. No insertions or deletions of amino acids were observed between the two genomes. M sequences were successfully amplified from all individuals visually identified as males, confirming the absence of masculinized F molecules in our sample.
Population structure: AMOVAs were used to test for population differentiation among four populations spanning $2000 km of Pacific coastline. The final column of Table 1 lists F ST values for each locus individually and for the combined data. No significant differences were observed among populations for either F or M; F ST values were negative for the four F genes and always ,0.01 for M. Similar results were obtained for analyses considering only silent or replacement mutations (not shown). Sequentially pruning mutations with frequencies ,0.10 from the data (i.e., singletons, doubletons, etc.) also failed to reveal any significant population structure at deeper levels in the gene genealogies (not shown). F and M sequences from all populations were thus combined for subsequent analyses.
Recombination: Both the M and F molecules failed the four-gamete test of Hudson and Kaplan (1985) , suggesting the presence of recombination (minimum numbers of recombination events in the combined data were 47 and 18, respectively). However, permutation tests implemented by the LDhat program of McVean et al. (2002) did not detect significant levels of recombination in either genome. Since the approach of McVean et al. (2002) uses a finite-sites model of nucleotide substitution, this discrepancy is likely due to recurrent mutation. The magnitude of homoplasy is likely higher in the M molecule in which 39 sites (1.7%) were segregating for three or four mutations compared to only 9 (0.4%) in F. No recombination events were observed between the F and M molecules across the region studied.
DNA polymorphism: The levels of nucleotide polymorphism detected in the M and F mtDNA molecules are summarized in Table 1 . As found for other Mytilus species, the M molecule exhibited significantly higher levels of polymorphism than F. Overall, the M sequences had 66.2% more segregating sites, 75.2% more total mutations, and two to four times the levels of nucleotide diversity compared to F. Despite this difference in polymorphism, haplotype diversity in the combined data was nearly 100% in both genomes. Among males, only one haplotype was seen twice (in two individuals from Oregon) while in females only two haplotypes were found in multiple copies. Gene trees constructed for the combined F and M sequences were similar in showing this extreme sequence diversity but the male genealogy exhibited longer tips and deeper internal branches (Figure 1, a and b) .
In both molecules, the nad2 locus exhibited the highest level of polymorphism. The rank ordering of the three other loci differed among molecules, with cox1 and atp6 being the least-variable genes in males and females, respectively. Both genomes were AT rich and exhibited similar base compositions and patterns of codon usage (Table 1) . Transitions strongly outnumbered transversions in both molecules and the bias favoring the former was consistently higher in the F genome. Tajima's D statistics were significantly negative for all genes in both molecules, indicating a significant excess of low-frequency mutations. However, Tajima's D values were consistently more negative in the F sequences, indicating a more pronounced skew of the site frequency spectra consistent with stronger purifying selection. The increased diversity of the male molecule was attributable to elevated levels of both silent and replacement polymorphism (Figure 2) . The magnitude of silent-site polymorphism exhibited less variation among loci in M compared to F. A similar pattern was seen for replacement polymorphism although the cox1 gene was not variable in F. With the exception of the atp6 locus in M, the majority of silent and replacement mutations in both molecules occurred as singletons ( Table 2 ). The impact of purifying selection was clearly stronger in the female genome; the highest frequency of a replacement mutation in the sample was 0.043 (a V / F change in nad2). In contrast, seven replacement mutations were observed in the M molecule with frequencies .0.10 but only three exceeded 0.20. Both silent and replacement mutations had significantly lower mean population frequencies in the F molecule, giving rise, on average, to more negative values of Tajima's D. However, median allele frequencies were very similar in F and M (0.0110 and 0.0118, respectively) and, surprisingly, did not differ between silent and replacement categories.
Divergence: Table 3 presents several estimates of net nucleotide and amino acid distances between the F and M lineages and a tree of the combined male and female data is shown in Figure 1c . The M and F lineages of M. californianus were highly differentiated; for the combined data, any randomly sampled F and M molecule differed, on average, by 530 mutations. Uncorrected p-distances at the nucleotide level exceeded 30% at all loci except cox1. Similarly high levels of divergence were observed at the amino acid level with overall TamuraNei distances exceeding 40%. More realistic models that allow for multiple hits and rate heterogeneity (among lineages) produced considerably higher estimates but did not affect the net rankings. Genetic distances estimated between genes tended to parallel patterns of polymorphism observed within genes; the nad2 locus was the most differentiated and cox1 the most highly constrained. Allowing for unequal substitution rates among sites increased the distances by nearly 50% (not shown).
Estimating a divergence time between the F and M mtDNA molecules of M. californianus is difficult because of high sequence divergence and the fact the homologous regions have not been studied in other mytilids. However, data for regions of the nad4 and cox3 genes of the F genome are available in GenBank for M. trossulus, M. galloprovincialis, and M. edulis and we have obtained homologous sequences for M. californianus (B. S. Ort and G. H. Pogson, unpublished data). Assuming a divergence time of 3.5 million years between M. trossulus and M. edulis/M. galloprovincialis (Wares and Cunningham 2001) , we estimate a second position substitution rate of 3.53 3 10 À9 for nad4 and a first position rate of 6.34 3 10 À9 for cox3. These provide rough estimates for the divergence between the M. edulis species complex and the M. californianus lineage at 7.64 and 7.61 million years ago (MYA) for nad4 and cox3, respectively, and between the F and M genomes of M. californianus at 23.4 and 24.1 MYA for nad4 and cox3, respectively. Given the many problems inherent in estimating divergence times (e.g., Ho et al. 2005) , these estimates must be viewed as provisional.
MCDONALD and KREITMAN (1991) tests: All McDonaldKreitman (MK) tests produced significant results (Table 4) . At all loci, departures from neutral expectations were caused by excess numbers of fixed replacement mutations resulting in values of the neutrality index ,1. With the exception of cox1, .50% of the mutations that had fixed between the M and F genomes were amino acid replacements. This stands in marked contrast to the polymorphism data where replacement mutations were far less common than silent mutations. Combining data across all genes, the ratio of replacement to silent mutations (R:S ratio) fixed between molecules (55.0%) was roughly three times the R:S ratio observed for the polymorphism data (18.6%).
To further test for the importance of relaxed constraint in contributing to divergence between molecules, we compared the extent of replacement polymorphism in two classes of amino acid sites. The first were ''constrained'' sites that had not experienced an amino acid substitution between M and F. The second were ''diverged'' sites that had experienced at least one amino acid substitution between genomes. We then determined whether an amino acid site belonging to either class was monomorphic or polymorphic. Here, a diverged site was classified as polymorphic only if the amino acid mutation differed from the one(s) that had fixed between molecules. Table 5 shows that all four loci exhibited significantly higher polymorphism at diverged sites than at constrained sites. This result is consistent with the hypothesis that diverged amino acid codons experience, on average, reduced levels of purifying selection.
Estimation of mutation-rate scalars: Figure 3 presents mutation-rate scalars for F and M silent and replacement sites estimated by the IM program (Nielsen and Wakeley 2001; Hey and Nielsen 2004) . Convergence of mutation-rate estimates was assessed by replicating each simulation at least three times while including data from the same anonymous nuclear locus (Mca125) to serve as a standard (G. H. Pogson, unpublished data). The relative differences between M and F rate scalars were similar among replicates and those shown in Figure  3 represent typical results. At the cox1, atp6, and nad5 loci, the male molecule exhibited 30-40% higher silent mutation rates than the F molecule. However, at the nad2 locus, the silent mutation-rate scalar for M exceeded F by 69.0% and the probability that m M . m F was estimated as 0.990. The posterior odds ratio that the male nad2 silent mutation rate exceeds the female rate was 102:1. The M genome also exhibited higher replacement mutation rates than F. At the nad2 and atp6 loci, the male sequences showed a 23.0% increase in replacement mutation rate relative to females. At the nad5 locus, the male replacement mutation rate exceeded the female rate by 47.0%. However, the probability that m M . m F for nad5 was not significant (0.883). Comparison of amino acid substitutions: We made two predictions concerning the nature of amino acid substitutions (i.e., Grantham distances) in the M and F genomes and their population frequencies. First, a relaxation of selective constraint on the M molecule should allow more nonconservative and radical amino acid mutations to reach higher frequencies in the male lineage. As predicted, a higher proportion of mutations in the M genome involved moderately radical or radical changes (i.e., Grantham scores .100) compared to the F genome (13.8% vs. 4.9%; Figure 4 ). In the M molecule, the majority of mutations with frequencies .0.10 were conservative (i.e., scores ,50), confirming the action of strong purifying selection. The only exception was a S / L mutation at position 25 at the atp6 locus with a Grantham score of 145. Second, we predicted inverse relationships between allele frequencies and Grantham distances of replacement mutations in both genomes (reflecting variation in the intensity of purifying selection). Although the M molecule exhibited the predicted negative relationship, the correlation was not significant in either genome (Figure 4) . No significant differences were observed between lineages in the numbers of amino acid polymorphisms classified as conservative, moderately conservative, or moderately radical (MR) and radical (R) combined Table 6 ). However, there was a marginally significant difference between the numbers of fixed vs. polymorphic amino acid replacement mutations in the four Grantham categories (x 2 ¼ 8.10, d.f. ¼ 3, P ¼ 0.044; Table 7 ). This was attributable to the larger proportion of moderately radical mutations that had fixed (18.9%) compared to those polymorphic in the sample (7.4%).
DISCUSSION
Despite a number of previous studies on the genderassociated mtDNA molecules in Mytilus spp., the relative roles of selection, mutation, and differential constraint in determining the patterns of polymorphism and divergence between the genomes remain unclear. Our study has attempted to circumvent limitations of earlier reports by comparing four homologous gene regions of the F and M molecules (totaling 2307 bp) in large population samples from M. californianus that, unlike other mytilids, does not hybridize with any extant species. The two genomes of M. californianus were highly divergent (originating at least 20 MYA) and each possessed extensive levels of nucleotide polymorphism (haplotype diversities approached 100% in both lineages). As found for other Mytilus spp., the M molecule exhibited significantly higher levels of polymorphism (both silent and replacement) than the F molecule. Overall, nucleotide diversity in M was two to four times greater than in F, which is comparable to other mytilids (e.g., Skibinski et al. 1994; Rawson and Hilbish 1995; Stewart et al. 1995; Quesada et al. 1998b) , unionid mussels (Liu et al. 1996) , and venerid clams (Passamonti et al. 2003) . The unprecedented numbers of segregating mutations (274 and 473 in the combined F and M data, respectively) provide us with a unique ability to evaluate the relative importance of drift and selection in shaping patterns of polymorphism within and divergence between genomes. Selective constraint: There are several features of our data that suggest that the F molecule experiences a higher degree of selective constraint than the M molecule but that the latter is still subject to strong purifying selection. First, the site frequency spectrum in both genomes was highly skewed toward significant excesses of low-frequency mutations that generated highly significant and negative Tajima's D values (Tables 1 and 2) . Departures from neutral expectations were consistently stronger in F, suggesting that replacement mutations in the female lineage experience higher levels of purifying selection than those in the male lineage. Although a recent increase in effective population size may have contributed to the excess of rare polymorphism, this cannot account for differences in Tajima's D values because both genomes have experienced the same demographic history. Second, the majority of replacement polymorphisms in both lineages involved conservative or moderately conservative changes (i.e., Grantham scores ,100; Figure 4 ). Although about three times more moderately radical and radical replacement mutations were detected in the M molecule, only one (in atp6) achieved a moderate population frequency (P ¼ 0.16). The six remaining replacement mutations in the M lineage with frequencies .0.10 involved conservative changes (Grantham scores ,32; Figure 4 ). In contrast, not a single replacement mutation in the F lineage achieved a population frequency .0.05. These observations suggest that the vast majority of replacement mutations in both genomes are deleterious and that the magnitude of purifying selection is only slightly reduced in M.
Mutation: Following the initial suggestions by Stewart et al. (1995) and Rawson and Hilbish (1995) , both Quesada et al. (1998) and Skibinski et al. (1999) have argued that the Mytilus M genome might possess a higher rate of mutation than F, which contributes to its higher polymorphism and faster rate of divergence. The coalescent simulations undertaken in this study provide support for this hypothesis; mutation-rate scalars estimated for the four male genes exceeded females by 30-70% and 20-50% for synonymous and nonsynonymous mutations, respectively (Figure 3) . However, if effective population sizes of the two molecules are similar, these differences appear far below that required to explain the two to four times higher level of polymorphism in M (assuming a strictly neutral 
model). Our simulations also detected significant heterogeneity in silent, but not replacement, mutation rates among loci, suggesting that factors in addition to mutation are determining levels of polymorphism.
It is important to note, however, that our approach to estimating mutation rates was phylogenetic, which is known to underestimate intrinsic mutation rates by one to two orders of magnitude (Denver et al. 2000; Howell et al. 2003; Haag-Liautard et al. 2007) . If the M genome experiences reduced levels of purifying selection, both replacement and silent mutations will achieve higher population frequencies providing the appearance of increased mutation rates (see Figure 2 ). This may not be due to intrinsic differences in mutation rate per se but to the diminished ability of selection to act on mildly deleterious mutations. We believe that our data fit this scenario and that a relaxation of selective constraint on M alone is sufficient to explain its elevated level of polymorphism and faster rate of evolution documented in earlier studies without the need to infer a higher mutation rate. Tests of neutrality: Significant MK tests have been reported in previous studies comparing F and M sequences in Mytilus spp. Quesada et al. 1998b Quesada et al. , 1999 and in the manila clam, Tapes philippinarum (Passamonti et al. 2003) . However, the causes of departures from neutral expectations have varied among studies. For example, in North American populations of M. edulis and M. trossulus, Stewart et al. (1996) observed an excess number of fixed replacement mutations at the cox3 gene. At the same locus, Quesada et al. (1998b) detected a significant excess of replacement polymorphisms in Atlantic and Mediterranean populations of M. galloprovincialis but Atlantic M. edulis conformed closely to neutral expectations. Riginos et al. (2004) failed to detect significant MK tests at the cox1 and cox3 genes in comparisons between Atlantic and European M. edulis and M. trossulus. These discrepancies appear, in part, to be caused by the complex history of mtDNA introgression between Mytilus spp. that appears to differ between European and Atlantic regions (see Riginos et al. 2004) .
In this study, we observed a highly significant excess of fixed replacement mutations at all four loci (Table 4) , similar to that reported by Passamonti et al. (2003) who studied seven genes in T. philippinarum. However, unlike Passamonti et al.'s (2003) study, more mutations in M. californianus were polymorphic within lineages than fixed between lineages and, in the latter group, replacement fixations outnumbered silent fixations. The large number of fixed amino acid replacements between lineages appears paradoxical in light of the strong signature of purifying selection in both genomes. If the vast majority of replacement mutations are mildly deleterious and maintained at low population frequencies by negative selection, how can so many have fixed between the two molecules?
Several factors may have contributed to this paradox. First, the high sequence divergence between lineages may have led us to underestimate the numbers of fixed silent differences. In the combined data, $30% of amino acid positions (236 of 769) have experienced at least one replacement substitution between the two molecules (''diverged codons''). At 70% of diverged codons, there have been more than two nucleotide substitutions with the vast majority (88.5%) occurring at third positions. At these diverged amino acid sites, additional synonymous substitutions will go undetected in our sample, but silent polymorphisms will be counted. This will result in an underestimation of the numbers of fixed silent mutations and create an apparent excess of fixed replacements. A similar counting problem will occur at amino acid sites that are identical in the two molecules (''constrained codons'') where 46% of synonymous sites have experienced at least one substitution between lineages. Although replacement substitutions at diverged codons will also be underestimated, the bias will not be as extreme as at synonymous sites due to the greater degree of saturation at the latter.
Second, fluctuations in effective population size may have contributed to the significant MK tests (EyreWalker 2002) . Population bottlenecks associated with Pleistocene glacial cycles may have accelerated the fixation of mildly deleterious replacement mutations that became effectively neutral in smaller populations. Furthermore, if mussel populations have experienced recent expansions in size, the frequencies of replacement mutations could be well below their historical means due to the increased efficacy of purifying selection. Under either scenario, the numbers of fixed amino acid replacements will be greater than expected from the contemporary polymorphism data. The highly significant negative Tajima's D values suggest recent population growth, but data from additional nuclear loci will be needed to test this possibility.
Finally, it is not possible for us to exclude some role played by adaptive evolution in the two lineages of M. californianus. Recently, Bazin et al. (2006) have argued that the absence of a general relationship between mtDNA diversity and population size among animal groups might be explained by selective sweeps and suggest that such events may be more common in invertebrates than vertebrates. The extensive levels of nucleotide polymorphism displayed by the M and F mitogenomes of M. californianus are clearly incompatible with recent selective sweeps. However, given the antiquity of the two lineages, it is not possible to exclude the possibility of historical sweeps. If a relaxation of selective constraint on the M molecule consistently maintains higher levels of polymorphism than F, then sweeps in the male lineage are expected to fix more mutations by genetic hitchhiking (both silent and replacement) compared to similar events occurring in the female lineage. In the four gene regions that we studied, any two randomly sampled M molecules differ, on average, by 4.9 replacements and 22.8 silent mutations (compared to 1.1 replacement and 9.2 silent mutations for the F molecule). If polymorphism in these regions is representative of other proteincoding loci, then (in the absence of recombination) a selective sweep in M would be expected to result in the mean fixation of $24 amino acid substitutions and 111 silent changes (compared to 5 nonsynonymous and 45 synonymous mutations in F). If sweeps occur in both lineages with similar probabilities, the M molecule will exhibit a faster rate of evolution, as documented in a number of earlier studies (e.g., Rawson and Hilbish 1995; Hoeh et al. 1996) .
Comparison with other mytilids: The F and M mtDNA molecules of M. californianus differ in a number of important ways from those previously characterized from species in the M. edulis complex. First, neither genome exhibited any detectable population structure over the 2000 km of Pacific coast sampled in our study. This is consistent with allozyme studies on M. californianus (Levinton and Koehn 1976; Levinton and Suchanek 1978; Engel 2004 ) and other broadcast spawning marine invertebrates with similar geographic distributions in the northeast Pacific (see Burton 1998) , but differs from several reports documenting significantly greater population structuring for the M than for the F molecule (Quesada et al. 1998a; Skibinski et al. 1999; Riginos et al. 2004) . Second, we failed to detect any masculinization events in which an F molecule has successfully invaded the M lineage. Although our study did not test for masculinization directly, we were able to successfully amplify genes from an M molecule in every individual identified as a male. This indicates that masculinized F molecules, if present, occur at population frequencies ,1%. Our inability to detect such ''role reversals'' stands in marked contrast to masculinization frequencies of 33% in European M. trossulus and up to 40% in hybrids between American M. trossulus and M. edulis (Zouros et al. 1994) , but is similar to that reported for unionid mussels by Hoeh et al. (2002) .
Third, unlike a number of recent studies (e.g., Ladoukakis and Zouros 2001; Burzynski et al. 2003 Burzynski et al. , 2006 Rawson 2005; Breton et al. 2006) , no recombination was detected within or between the M and F molecules. Although both genomes of M. californianus failed the four-gamete test (suggesting recombination within both F and M), the finite-sites model implemented by the method of McVean et al. (2002) failed to detect significant recombination, suggesting that its apparent signal was caused by homoplasy. Finally, the magnitude of divergence between the F and M genomes of M. californianus was markedly higher than observed for other Mytilus species but lower than that exhibited among unionid mussels (Hoeh et al. 2002) . We estimate that the two mtDNA lineages of M. californianus last shared a common ancestor at least 20 MYA, which is three to four times older than the common ancestor of the standard M and F molecules in the M. edulis complex ($5.5 MYA) (Rawson and Hilbish 1995) .
The extreme divergence between the M and F mtDNA molecules of M. californianus and the absence of both masculinization events and population structuring could all result from the fact that this taxon, unlike others in the M. edulis complex, does not hybridize with any other extant species. Hybridization events are known to disrupt the transmission of DUI and result in the appearance of both males lacking an M molecule and in M-positive females (Rawson et al. 1996; Wood et al. 2003) . Successful backcrosses involving F 1 hybrids have the potential to cause the introgression of mtDNA lineages among mussel species that has been previously documented on both historical (Quesada et al. 1998a; Rawson and Hilbish 1998) and contemporary time scales (Smietanka et al. 2004; see, however, Saavedra et al. 1996) . The absence of hybridization between M. californianus and other mytilids in the northeast Pacific could account for the high fidelity of DUI transmission and the large divergence observed between the F and M lineages. It is also possible that some threshold of divergence between the M and F lineages of M. californianus that reduces the success of masculinization events has been exceeded.
Broader implications: In agreement with a growing number of studies, our results suggest that the majority of amino acid replacement mutations that occur in the mtDNA molecule are mildly deleterious and subject to purifying selection. The strength of purifying selection in our study appears to be particularly strong in maintaining the vast majority of replacement mutations at low population frequencies but is clearly relaxed on the M genome. Despite their extensive sequence divergence, the M and F mtDNA molecules of M. californianus were remarkably similar in nucleotide composition and patterns of codon usage ( Table 1 ), suggesting that both lineages have diversified largely through the sustained action of mutation pressure and random genetic drift.
Although DUI provides unique opportunities for studying sexual conflict and the relative importance of neutral/nearly neutral vs. adaptive evolution in the mtDNA molecule, the resolution of these issues may require the functional characterization of mitochondria possessing the M or F genomes. For example, a relaxation of selective constraint on the M molecule should result in a more rapid accumulation of deleterious mutations (i.e., Muller's ratchet) that should compromise its metabolic performance compared to F. At the same time, however, the uniparental transmission of the M molecule from father to son might facilitate the evolution of metabolic traits that benefit sperm performance. At present, there is no evidence of adaptations in M affecting sperm swimming performance (e.g., Everett et al. 2004) , and the frequent masculinization events observed in the M. edulis complex contradict that expected if the M molecule had evolved to enhance male fitness. Future studies quantifying the metabolic performance of mitochondria isolated from Mytilus spp. possessing gender-associated mtDNA molecules at varying levels of divergence might distinguish between these alternatives.
Conclusions: Purifying selection appears to play a dominant role in determining the levels and patterns of polymorphism in both the M and F mtDNA molecules of M. californianus. Both genomes experience strong levels of purifying selection but amino acid replacements appear to be slightly more deleterious in the F lineage. A relaxation of selective constraint on the M molecule appears capable of explaining its higher population frequencies of synonymous and nonsynonymous mutations without needing to invoke a higher intrinsic mutation rate. Both the extensive sequence divergence between the F and M genomes of M. californianus and the high fidelity of DUI in this species may be indirect consequences of its inability to hybridize with congeners in the northeast Pacific region. The relative importance of drift vs. selective sweeps in causing the excess numbers of fixed replacement difference observed between lineages remains unclear. We recommend that future studies combine investigations of polymorphism and divergence with metabolic characterizations of mitochondrial performance among mussel species with genderassociated mtDNA molecules exhibiting a range of sequence divergence.
